ABSTRACT
INTRODUCTION
X-ray crystallography is the most used and most effective technique for obtaining the structure of proteins and protein complexes. As of today, the X-ray structures of tens of thousand of proteins are deposited in the Protein Structure Data Base (PDB) (Bernstein et al., 1977) and this number is also continuously increasing owing to the efforts of structural genomics projects aimed at providing representative examples of the protein structural space.
In an X-ray diffraction experiment, crystals of the protein of interest are irradiated with X-rays, and interference effects give rise to a characteristic diffraction pattern. The electron density of the protein, i.e. the positions of the protein atoms, determines the diffraction pattern of the crystal, i.e. the magnitudes and phases of the X-ray diffraction waves, and vice versa, through a Fourier transform function. In practice ρ (x, y, z (h, k, l) e −2π i(hx+ky+lz) * To whom correspondence should be addressed. † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.
where ρ (x, y, z) is the electron density at position (x, y, z) , F (h, k, l) is the vector describing the diffracted waves in terms of their amplitudes F (h, k, l) and phases (the exponential complex term). The electron density at each point depends upon a sum of all of the amplitudes and phases of each reflection.
In a diffraction experiment, a crystal is irradiated with a particular X-ray wavelength and the resulting diffracted waves are collected on physical or electronic devices. However, in this passage from 3D to 2D all the information on the phases is lost, and this is one of the fundamental problems of structural science.
By and large, there are three approaches to solving the phase problem: direct methods, interference-based methods and molecular replacement (MR) methods. The first type of method consists of using all the possible values for the phases in the Fourier transform equation until an interpretable electron density is found; this is feasible only for small proteins. The second method consists of measuring the effect of adding a known set of waves to the system. This can be done either by adding one or more high atomic number atoms (the so-called heavy atoms) to the crystal, thus solving the phase problem by multiple isomorphous replacement, or by substituting some atoms with specific heavy atoms able to scatter anomalously the incident wave, thus solving the phase by multiwavelength anomalous dispersion. In other words collecting the data from one single crystal at three different incident wavelengths is equivalent to collecting three datasets with three different heavy atoms. Finally, there is MR, which is based on the observation that, if the atomic coordinates x, y, and z are known, the structure factors can be computed back by inverse Fourier transform. This implies that one can identify the correct model among a large number of possible solutions by comparing the observed and computed intensities and is indeed the procedure that has been used for solving the structure of many small molecules, but it is unfeasible for proteins where a large number of atoms makes the exploration of the conformational space simply impossible.
If the relative positions of the atoms in the protein structure are known (or can be estimated) the problem is reduced to finding the position of the whole molecule in the unit cell rather than that of each of its atoms. The prior knowledge of a protein structure thereby simplifies the solution of a different crystal form of the same molecule. In some cases, the structure of a homologous protein or a model of the target protein can be sufficient to approximate the relative position of the atoms in the structure and allow the structure factors to be computed. This strategy is known under the name 'molecular replacement' and was introduced by Michael G. Rossmann and David M. Blow in 1962 (Rossmann and Blow, 1962) .
Recently there has been an explosive growth in the number of protein structures solved using this technique, and automated packages can make the application quite straightforward. Progress has been made in using models from NMR or modelling (Turkenburg and Dodson, 1996; Wilmanns and Nilges, 1996; Jones, 2001) .
The predicted structure of a protein can be used in MR when the computational model is sufficiently accurate for a reasonably large fraction of the structure in the crystal. A generally accepted rule of thumb is that MR is effective if the model is reasonably complete and shares at least 40-50% sequence identity with the unknown structure. On the other hand, techniques for predicting protein structures have matured in recent years, most of them taking advantage of the increased availability of sequences and structures of homologous members of a protein family; thus sequence identity is not necessarily an appropriate parameter to estimate the likelihood that a given model is suitable as an MR search template.
At present, a clear rule relating the quality of a model and its suitability for MR is lacking, and filling this gap is the aim of the present analysis.
It should be mentioned that the ability of the crystallographer, several rounds of trial and error and manual intervention in the intermediate steps of the process can also increase the rate of success of MR in very difficult cases. For example, it has been shown that in some cases, screening for MR solutions with a large number of models might produce suitable solutions (Claude et al., 2004) and that modelling can be used to improve the initial model after initial MR solutions have been found (Collaborative Computational Project Number 4, 1994; Potterton et al., 2003) . Here we use only completely automatic procedures without manual intervention in any of the steps; therefore, our estimate represents the 'safe' limit above which a model can be used for MR, but it should be kept in mind that models of lower quality might be successful in specific cases.
METHODS
We used the collection of models submitted to the Critical Assessment of Techniques for Protein Structure Prediction (CASP) (Moult et al., 1995 (Moult et al., , 1997 (Moult et al., , 2003 . In this assessment crystallographers and NMR spectroscopists are asked to make available the sequences of proteins whose structure is likely to be solved in the near future and predictors are asked to submit 3D models for the proteins before their experimental structure is made available. Subsequently, the experimental structures and the models are compared and the latter assessed in terms of their ability to reproduce the native protein structure.
The CASP website (http://predictioncenter.llnl.gov) contains, for each target structure, hundreds of models together with values reflecting their structural similarity to the target structure. The most relevant parameters are the root mean square deviation (RMSD) between corresponding atoms of the target and model structures and the GDT-TS value. The latter is a distance-based measure defined as 1/4 [(fraction of Cα atoms within a 1 Å distance) + (fraction of Cα atoms within a 2 Å distance) + (fraction of Cα atoms within a 4 Å distance) + (fraction of Cα atoms within an 8 Å distance)].
We selected target proteins for which the structure factors (i.e. the collected diffraction intensities) have been deposited in the PDB database and ran an automatic procedure for MR using a set of their models as search templates.
The MR procedure was run in a completely automatic fashion using two of the most popular programs which perform automated searches using similar algorithms: MolRep (Vagin and Teplyakov, 1997) and AMoRe (Navaza, 1994) , both included in the CCP4 suite (Collaborative Computational Project Number 4, 1994) . The procedure consisted of the following steps:
(1) Each template (including its side chains) was given to MolRep to perform 10 rotational searches to orient it into the experimental data and 10 translational searches for each rotational solution.
(2) The best solution was converted into a poly-Alanine model, then given as input to AMoRe to perform 20 cycles of automatic solution searching. When the first solution did not allow the map to be reconstructed, subsequent ones were tried. In no case the subsequent attempts were successful when the first was not.
(3) The best solution from AMoRe was given as input to Refmac5 (version 5.0.32, Murshudov et al., 1997) to perform 10 cycles of restrained refinement without prior phase information and the default weighting matrix (0.3).
(4) Maps were generated and displayed for inspection.
(5) Structure building was performed automatically using the program ArpWarp, version 6.1.1 (Morris et al., 2002) , as implemented in the CCP4 suite.
All the calculations were run through the graphical interface CCP4i of the CCP4 suite (Collaborative Computational Project Number 4, 1994) on Linux machines. Although other programs are available for solving structures by MR, we chose those most widely used by crystallographers.
For each MR experiment we monitored the following data:
(1) The residual factor or agreement factor R defined as
where F obs and F calc are the observed structure factors and the structure factors computed on the basis of the molecular template, respectively. We computed the R-factor at the beginning (R-factor i ) and at the end (R-factor f ) of the Refmac procedure (see additional data).
(2) R free , i.e. the R-factor calculated on a fixed fraction (5%) of the experimental reflections not used in the refinement of the structure, therefore not biased by the procedure (see additional data).
(3) The correlation coefficient:
where all sums are over all the reflections in the reciprocal lattice (h, k, l) . We computed the value of C at the beginning (C i ) and at the end (C f ) of the Refmac procedure (see additional data).
(4) C free , i.e. the correlation coefficient calculated on the same fraction of reflections as for R free (see additional data).
When the procedure was able to automatically build an experimental structure of the protein we also computed (Table 1) (5) The fraction of built amino acids.
(6) The GDT-TS between the automatically built structure and the deposited experimental structure obtained using the LGA package (Zemla, 2003) . (7) The RMSD between the automatically built structure and the deposited experimental structure.
(8) The GDT-TS between the automatically built structure and the CASP model used in the MR procedure.
(9) The RMSD between the automatically built structure and the CASP model used in the MR procedure. Table 1 shows the details of the results of the MR procedure for 34 models covering 7 of the CASP targets. The resolution of the For each target, the first line reports the target id in the CASP database, its PDB code and the resolution of the X-ray structure. The first column reports the identification code of the model (CASPm id). The next columns show the GDT-TS and the RMSD values between the model and the target structure (GDT CASPm and RMSD CASPm), the percentage of identical amino acids between the CASP target structure and the best structural template available in the 'core', defined as the regions where corresponding atoms of the model and template do not deviate by >5 Å (%Id). The number of amino acids built by the automatic procedure is reported in the column labelled '%Built'. We also list the GDT-TS and RMSD values for the superposition of the model built by the MR procedure on the deposited structure (GDT MRmX and RMSD MRmX) and of the model built by the MR procedure on the CASP model (GDT MRmCASP and RMSD MRmCASP). The last column lists the fold type of the target (Fold). a T0233 is a homodimer and the results are shown for both monomers.
RESULTS
experimental data ranged from 2.1 to 1.85 Å. Successful cases are those where a substantial fraction of the structure has been built obtaining a model closer to the experimental structure than to the CASP model initially used in MR. The case of the T0233 structure is peculiar. This protein is a homodimer and we were able only to partially reconstruct each of the monomers (Table 1) . However, we were unable to build a significant portion of the structure even using the deposited experimental coordinates (from which several amino acids are missing).
The targets shown here have at least one CASP model with GDT-TS >80 (which implies that most of the main chain structure of the protein has been reasonably modelled). They all belong to the comparative model category; i.e. there is at least one homologous protein of known structure that could be used as template for building the model. Their sequence identity with the best template available ranges between 23 and 57%, and they belong to different fold classes.
In all but two cases, at least one CASP model was successful as a search template, indicating that the above-mentioned threshold of 40-50% sequence identity as a minimum requirement for MR is overestimated. Our data show that models built on the basis of a 30% sequence identity are already sufficiently accurate to be used in the MR procedure, and in some cases models based on sequence identity as low as 25% can be successfully used. Interestingly, in all but one case, the best available structural template was not successful in reconstructing any portion of the experimental structure. For T0153 alone, the best template allowed 14% of the structure to be reconstructed. Note that the best model for this target allowed the reconstruction of 97% of the experimental coordinates.
In CASP experiments, both the RMSD between the model and the structure and the GDT-TS values defined above are used as parameters for evaluating the quality of a model. Interestingly, when different CASP models are available for the same protein structure and only one or some of them work as search models, the successful ones are not always those with a lower RMSD, but in all cases they are those with higher GDT-TS. The RMSD value, owing to its quadratic form, is more sensitive to the extent of local deviations of the models from the structure, whereas GDT-TS is indicative of the percentage of correctly predicted structure and is less sensitive to larger errors localized in a few regions of the model.
Our data point to the fact that the RMSD between the model and the experimental structure is not the correct measure to use for defining the usefulness of a model for applications such as MR and, therefore, to evaluate the quality of a model. In this specific application of modelling, what really counts is the overall ability of the model to produce interpretable electron density maps of the protein, which helps in building most of it, rather than the details of the less well predicted parts.
In all cases, a GDT-TS >84 is sufficient to guarantee the success of the procedure regardless of the sequence identity between the target and template structure, of the method used for producing the model and of the structural class of the protein under examination. In our automatic procedure, models with GDT-TS <80 are never successful. For models of intermediate quality, the results vary. Most of the time a large fraction of the structure can be automatically built with respectable quality, and it is likely that, in these cases, more iterations and, most of all, manual intervention can lead to success.
Another important observation is that even limited improvements in the quality of a model can be instrumental in the success of an MR experiment. The case of the CASP models built for Target T0246 is instructive. This is an 'easy' target, sharing 57% sequence identity with its best template. Of the nine CASP models that we used for the experiment, five were successful and four were not. The former are of higher quality, as can be seen from their GDT-TS values (ranging from 89 to 83), but the latter are only slightly worse, with GDT-TS values between 82 and 79 (Fig. 1) . The same observation holds for targets T0152 and T0153, indicating that even a minor improvement in the quality of the final model can be relevant for its ability to be used as a search model in MR. This observation can explain why it has been so difficult so far to predict beforehand when a model can be successfully used in MR solely on the basis of the sequence identity between a model and the structural template used to build it.
DISCUSSION AND CONCLUSIONS
MR is a very cost-effective method for solving the 3D structure of a protein by X-ray crystallography. It is expected to play an increasing role in the phasing of protein X-ray diffraction data, given the ever increasing number of proteins experimentally solved and deposited. However, the MR approach requires the availability of a reasonably good and complete model, and we have shown here that there is a clear relationship between the quality of a model and its suitability as a search model for MR experiments. The large efforts in protein structure prediction might be very useful in pushing the limits of structure solving using MR. Models of proteins can be powerful tools for structural genomics projects and are expected to reduce the need for expensive and time-consuming phasing experiments. An increased usefulness of predicted structures as MR search models would have a substantial impact on our ability to cover the protein structural space. However, as we show here, minor differences in the quality of the model can make a substantial difference in the outcome. This points to the fact that more efforts should be devoted to improving the initial model, since even minor improvements can be important for practical applications such as the one discussed here. This issue has been addressed in the recent CASP6 experiment, where the community agreed that in the future more importance should be given to the details of the produced models (Cozzetto et al., 2005; Valencia, 2005) .
The results shown here demonstrate that this is not only an intellectual and methodological issue; it also has important practical applications. We plan to run this analysis continuously on different datasets of models and to evaluate whether the rate of success can be improved by using combinations of models or limiting the search model to secondary structure elements or to the core of the predicted structure.
The possible use of a model is directly related to its quality, and more efforts should be devoted to precisely assessing the requirements that any given application poses on the quality of the models: even marginal improvements in prediction methods can be instrumental for important applications.
In a real setting, the results of the comparison of the model with the experimental structure are not available. It would be very useful to be able to identify beforehand features of the model that correlate with its ability to be used as an MR search model. Unfortunately, the available quality evaluation measures, such as those provided by Verify3d (Eisenberg et al., 1997) , Whatcheck (Hooft et al., 1996) and Procheck (Laskowski et al., 1993) do not correlate with the ability of the models to reconstruct the experimental structure (data not shown). Nevertheless, our results do show that it is advisable to attempt MR with protein models, even when the sequence identity with their best templates is low. More important, models can be successful also in cases when the structural templates used to build them are not.
We are currently investigating the possibility of using sets of different superimposed models in the MR search. Preliminary results indicate that ensembles obtained by superimposing both successful and unsuccessful models can be used to reconstruct the experimental structure in a number of cases. Such a strategy would clearly speed up the whole process, and a study aimed at defining its range of applicability is ongoing.
